OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. This is an author-deposited version published in : http://oatao.univ-toulouse.fr/ Eprints ID : 10417 
Introduction
Exchange bias is the shift of the hysteresis loop along the magnetic field axis direction, which originates as a result of exchange interactions between a ferromagnetic (FM) and an antiferromagnetic (AFM) material [1] [2] [3] [4] . The loop shift is often accompanied by an enhancement of the coercivity. These phenomena were discovered about half a century ago in partially oxidized Co particles [5] . During the last decade, the bulk of the research in exchange bias has been mainly focused on thin film systems due to their applicability in spin valves for magnetic recording and sensor devices [6] . However, recently the study of exchange bias effects in fine-particle systems is recovering its importance, since it has been demonstrated that FM-AFM exchange interactions can be useful to enhance the hard magnetic properties of permanent magnets [7] [8] [9] or to beat the superparamagnetic limit in FM nanoparticles [10] .
Nevertheless, soon after the discovery of exchange bias, it became clear that applications of exchange bias effects in fine-particle systems would be limited. This was mainly due to the fabrication process, which was based on chemical treatments of FM particles to obtain reacted AFM phases, creating core (FM)-shell (AFM) particles. As a result, the number of fine-particle systems in which exchange bias could be observed was rather restricted, since the AFM had to be obtained from a simple chemical reaction of the FM core. Thus, basically, only transition metal particles embedded in their AFM native oxides (e.g. Co-CoO [5] , Ni-NiO [11] or FeFe 3 O 4 [12] ), oxide nanoparticles with different oxidation states (e.g. CrO 2 (ferrimagnetic)-Cr 2 O 3 (antiferromagnetic) [13] ) or transition metal nanoparticles surrounded by chemically obtained sulfides or nitrides (e.g. Fe-FeS [14] , Co-CoN [15] , Fe-Fe 2 N [16] ), have been studied. This severely restricts the technological applications of these types of materials. For example, many of the systems exhibit blocking temperatures, T B (i.e. the temperature at which the exchange bias effects vanish [1] ), far below room temperature [5, [11] [12] [13] [14] [15] [16] . Moreover, it is generally not possible to obtain AFM phases by chemically treating many FM materials, e.g. hard magnetic materials. Just recently, exchange bias effects have been induced in particles, by means of ball milling, in some combinations of FM and AFM phases not derived from the same transition metal (e.g. Co-NiO, Co-FeS or SmCo 5 -NiO) [7, 8] . However, the size of the resulting FM and AFM particles obtained by ball-milling is typically of the order of a few micrometres. Hence, new ultrafine particle synthesis methods are necessary to investigate exchange bias effects in FM-AFM mixtures consisting of particles of only a few nanometres in size. Indeed, there is an increasing interest in lithography-fabricated exchange-biased nanostructures [17] [18] [19] , mainly due to the drastic increase of the areal density of recording media, which demands a miniaturization of the spin valve-based magnetic sensor devices. However, most lithography techniques cannot yet reliably produce nanostructures of a few nanometres [20] .
In this paper, we present the synthesis of nanometric FM particles embedded in an AFM matrix, in which the FM and the AFM phases are derived from different transition metals. This is carried out by high temperature reduction under a hydrogen atmosphere of a mixed oxide (i.e. an oxide of two different transition metals). This process yields a selective reduction of one of the transition metals (the FM) leaving the other in the oxidized state (the AFM). The resulting material exhibits exchange bias when it is field-cooled from above the Néel temperature of the AFM.
Experimental details
Selectiveh ight emperature reduction under a hydrogen atmosphere of Cr 1.8 Fe 0.2 O 3 powders was used to produce a microstructure consisting of Fe nanoparticles embedded in an AFM Cr 2 O 3 matrix [21] . A binary oxide solution was prepared by thermal decomposition and air calcination of mixed oxalate precursors. The calcinations, carried out at 1100
• C, allowed the crystallization of the solid solutions. Subsequently, the reduction of the solid solution was performed in pure dry hydrogen at 1200
• Cf o r2h ,g i v i n gr i s et oaF e -C r 2 O 3 nanocomposite. Morphological and structural characterization was carried out by transmission electron microscopy (TEM) and x-ray diffraction (XRD).
To induce exchange bias, the as-prepared powders were cooled in the presence of a magnetic field of variable strength (0 < H FC < 50 kOe) from room temperature to T = 10 K. Magnetic hysteresis loops were subsequently recorded at several temperatures when heating from 10 to 350 K by means of a vibrating sample magnetometer (VSM), applying a maximum field of 50 kOe, i.e. enough to ensure full saturation of the powders.
Results and discussion
Shown in figure 1 is a TEM micrograph of the as-prepared powders. It can be seen that the particles have rounded shapes andare about 200 nm in size. Each of them consists of a host of darker spots with sizes ∼7n m, corresponding to metallic nanoparticles (high contrast) (Fe), which are embedded in an oxide matrix (low contrast) (Cr 2 O 3 ).T he Fe nanoparticles exhibit a log-normal distribution with a mean particle size of 7 nm and a standard deviation of σ log−norm = 2n m ( figure 1(b) ). The existence of the two-phase mixture (i.e. α-Fe andc orundum-like Cr 2 O 3 )w a sconfirmed by XRD. Using a full-pattern fitting procedure (i.e. Rietveld method) [22] the weight percentage of Fe was estimated to be around 10%, which is in qualitative agreement with the TEM observations. Moreover, the cell parameters of Fe (a = 0.2872(1) nm) and Cr 2 O 3 (a = 0.4960(1) nm and c = 0.1358(1) nm) were found to correspond to those tabulated for these two phases [23] , indicating the absence of interdiffusion between them.
The temperature dependence of the exchange bias field, H E ,a n dc o ercivity, H C ,a f t e rfi e l dcooling (H FC = 50 kOe) are shown in figures 2(a) and (b), respectively. As shown in figure 2(a) , a small exchange bias, H E = 9O e ,i sobtained at T = 10 K. The exchange energy per surface unit of the FM-AFM coupling can be estimated, in a first approximation,
, where M S is the saturation magnetization of Fe at T = 10 K and r is the particle radius (assuming they are spherical). Taking r = 4n m ,one obtains σ (T =10 K) = 3 × 10 −4 erg cm −2 ,w hich is about one order of magnitude lower than the exchange energy, evaluated at room temperature, for FM-AFM thin films containing Cr 2 O 3 as antiferromagnet and lower than the typical values of σ for the majority of FM-AFM thin film systems [1] . Note that a small exchange bias is somewhat expected from the low anisotropy of Cr 2 O 3 [24] , in agreement with measurements in systems containing Cr 2 O 3 ,either in nanostructured [25] or in thin film form [26] , although large loop shifts have been observed in CrO 2 -Cr 2 O 3 core-shell particles [13] . Moreover, the smaller value of σ for the Fe-Cr 2 O 3 nanoparticles, when compared with FM-AFM thin films containing Cr 2 O 3 as AFM, could be due to a less effective spin alignment that the Fe nanoparticles could induce on the neighbouring Cr 2 O 3 spins during the field- cooling procedure and the concomitant more random character of FM-AFM interactions in the powder system compared to exchange-biased FM-AFM thin films. H E (T ) has a rather constant value until the temperature approaches 200 K, where H E (T ) starts to decrease, until it vanishes, due to the thermally induced loss of magnetic stability of the AFM, at a blocking temperature, T B ,o fa bout T B ∼ 307 ± 5K .T hus, the fact that T B ≈ T N (Cr 2 O 3 ) = 307 K implies a high degree of crystallinity of the AFM phase [1] , in contrast with earlier core-shell nanoparticles, in particular CrO 2 -Cr 2 O 3 core-shell nanoparticles [13] , which show T B ≪ T N .R e m arkably, the temperature dependence of H E resembles more those observed in epitaxial and high quality thin film systems (i.e. Brillouinlike H E (T )) [ 27] ,r ather than the ones in polycrystalline systems (usually more linear H E (T )) [ 28] . This probably also indicates a high quality of the oxide matrix. Moreover, the absence of training effects [26] in this system (observed in CrO 2 -Cr 2 O 3 core-shell nanoparticles [13] ) indicates once more a good quality Cr 2 O 3 matrix [1] .
As can be seen in figure 2(b) , the system also exhibits a coercivity enhancement, H C , from H C = 112 Oe at room temperature to H C = 185 Oe at 10 K. Since an increase of coercivity could also be induced by the concomitant increase of the magnetocrystalline anisotropy of the FM nanoparticles at low temperatures, H C was also measured after a zero-fieldcooling (ZFC) procedure. As expected, H C (ZFC) = 165 Oe is lower than the one obtained after field cooling, confirming the existence of AFM-FM exchange coupling. However, it is important to remember that exchange bias effects can also be present even after a ZFC procedure [29] . This is shown, in our case, by the presence of a small exchange bias, H E = 4O e , even after ZFC, arising from the effect of the remanent moment of the Fe nanoparticles on the Cr 2 O 3 matrix during the ZFC process.
H C after field cooling decreases as the temperature is increased,l evelingo ff at temperatures around T N (Cr 2 O 3 ) ∼ 310 K. However, since the FM nanoparticles remain magnetic above T N (Cr 2 O 3 ) the coercivity remains finite, H C ∼ 100 Oe.
It is noteworthy that, using the bulk anisotropy value for Fe (i.e. K = 5 × 10 5 erg cm −3 ), the expected superparamagnetic blocking temperature, T B ,for 7 nm Fe nanoparticles would be T B = (KV)/25k B = 40 K, where V is the particle volume and k B is the Boltzmann constant. However,i nour case, we observe that the Fe nanoparticles remain ferromagnetic at least up to T = 350 K. This can be due to surface effects or dipolar interactions, enhancing the apparent anisotropy of thenanoparticles [30, 31] , although the exchange interactions between the FM nanoparticles and the AFM matrix could also be playing a role in stabilizing the magnetic moment against thermal fluctuations, particularly below T N (Cr 2 O 3 ) [10] .
Finally, since Cr 2 O 3 has a rather low anisotropy (2 × 10 5 erg cm −3 [24] ), the system could be prone to fieldinduced effects [32] (as observed CrO 2 -Cr 2 O 3 core-shell nanoparticles [13] ), such as AFM spin-flop or AFM domain wall motion. Hence, exchange bias was studied as a function of the cooling field. As shown in figure 3 , after the initial increase in H E when going from H FC = 0O et o5k O e ,t h e loop shift remains fairly constant for larger cooling fields. This could indicate that, due to the random nature of the samples, the field-induced effects could be exceedingly small in this system. Alternatively, any field-induced effects may take place at fields above H = 50 kOe. For example, the spin-flop field in Cr 2 O 3 is about H SF = 60 kOe at low temperatures [33] . However, due to the small size of the oxide particles, the transition field is expected to be reduced [34] . Nevertheless, the degree of reduction may be insufficient to be observed with a 50 kOe field. Note that the fact that some field effects were observed in CrO 2 -Cr 2 O 3 core-shell nanoparticles [13] may be due to the thin Cr 2 O 3 shell and its small crystallite size, compared to the microstructure in our samples.
Conclusions
In summary, it has been shown that FM nanoparticles (α-Fe) embedded in anA F Mm a trix (Cr 2 O 3 ),i nw h i c ht h eF M and AFM phases are not derived from the same transition metal, can be obtained by means of selective high temperature reduction under a hydrogen atmosphere of mixed oxides. The resultant nanocomposite particles exhibit exchange bias effects (i.e. a shift of the hysteresis loop and an enhancement of coercivity) when they are field-cooled from above the blocking temperature of the system. As expected, both H E and H C are found to be reduced if the system is cooled in zero magnetic field. It is remarkable that, contrary to other processing techniques to create mixtures of FM and AFM powders, high temperature reduction seems to be an appealing method to produce very small FM particles (of just a few nanometres in size) embedded in an AFM matrix, a microstructure which is interesting in exploiting novel applications of the exchange bias phenomena.
